La 0.6 Sr 0.4 Al x Fe 1¹x O 3¹¤ (LSAF) mixed ionic electronic conducting membranes have been sintered, and the substitution of Al for Fe reduced the density of the sintered body including large defect of pore channels. The sintering behavior of the La 0.6 Sr 0.4 Al 0.1 Fe 0.9 O 3¹¤ samples have been studied under different oxygen partial pressure, P O2 , and a post process of hot isostatic pressing (HIP) has been carried out. The thermal expansion coefficients and the differential expansion ratios measured in air and under reducing atmosphere for these samples were 15.6 © 10 ¹6 /K ¹1 and 0.37%, respectively, and were not affected by the sintering process. The density of the sample sintered in air was 96.5% and the HIP increase the density of the sample up to 99.6%, eliminating the pores. The three point flexural strength of the HIP sample at 25 and 1000°C were 265 and 208 MPa, respectively, and the oxygen permeation rate of the HIP treated membranes with the thickness of 0.5 mm was 8 cc/min/cm 2 .
Introduction
Perovskite based mixed ionic electronic conductors have shown very promising characteristics for the practical application as oxygen-permeable membrane reactors in partial oxidation processes such as CH 4 reforming processes and as electrodes for solid oxide fuel cells (SOFCs).
1)8) Figure 1 shows a schematic diagram of the partial oxidation reaction of CH 4 using the perovskite oxide membrane reactor. CH 4 is supplied to one side of the membrane and air to the other. The difference in electrochemical potential on the two sides of the membrane causes oxygen to permeate through the membrane in the form of oxide ions. At anode surface, the catalyst activates the partial oxidation reaction of CH 4 with permeated oxygen, producing syngas, CO and H 2 . This oxygen-permeable membrane reactor allows the simultaneous generation of oxygen and synthesis gas very compactly in a single facility.
The perovskite oxide system shows a controllability of its transport property by substituting a La site (A site as follows, larger cation in 12-fold coordination) or a M site (B site of 6-fold coordination) of ABO 3 lattice. AMO 3¹¤ (A = La, Sr, Ca, Ba, M = Co, Fe, Ti, Al, Ga, etc.) are reported to have high oxygen ion conductivities and oxygen permeations, 1)6),9)10) but undergo significant expansion in a reducing atmosphere at high temperature, 11) resulting in cracks, which lead to poor durability in cyclic operation up to high temperature. We have found the effect of the substitution of Fe for Al in reducing the expansion at reducing atmosphere, 12) but the sintering of perovskite with Al is generally difficult to make high density sample. As the lowdensity membrane easily leaks gas and also show low stability for cyclic stress. High temperature sintering over 1500°C is required to obtain high density. However, high temperature process can reduce the porosity of support (ex. perovskite, zirconia, magnesia) materials, and other process solution is necessary.
In this study, we have prepared the La 0.6 Sr 0.4 Al 0.1 Fe 0.9 O 3 membranes under various gas atmospheres in order to obtain membranes with high density at low sintering temperatures. The influence of high sintering pressure under hot isostatic pressing (HIP) has also been examined. was open, as shown in Fig. 2 . These tube compacts were fired at 1500°C for 3 h in various atmospheres (Air, O 2 , Ar, mixed gas of N 2 + O 2 , purity >99% each other). The oxygen partial pressure, P O2 , was monitored by oxygen sensor during the sintering. After the sintering in air at 1500°C, the samples were HIP (KOBELCO SYSTEM20) treated at O 2 20% + Ar 80%, 150 MPa at 1500°C for 1 h with no capsule. The thickness of the tubes was reduced into 0.5 mm by grounding the surface of the tube for the test of oxygen permeation. The catalytic electrode was formed on the surface of the tube of membrane samples, as shown in Fig. 2 14) was dip-coated on the other surface of the tube and dried. A slurry of powder mixture, NiO and Ce 0.8 Sm 0.2 O 2 electrode catalyst mixed in a 1:1 weight ratio, was dip-coated on the fuel side of the sample and dried. To sinter these catalytic electrodes, the tube was fired again at 1000°C for 1 h.
Characterization
We have evaluated the relative density, three point flexural strength, difference between expansion ratios in reducing and air atmospheres and oxygen permeation of the La 0. The tube samples coated by catalytic electrodes were used for the oxygen permeation performance test, as shown in Fig. 2 , at temperatures from 800 to 1000°C. The sample placement section was constructed by placing a tube of the sample on high-density alumina tubes and the tube sample was bonded with the outer tube with glass seal. Air and CH 4 fuel gas were fed the air and fuel electrode sides, respectively. CH 4 reacts with oxygen, which comes through the oxygen-permeable membrane sample, on the fuel catalyst electrode and generates syngas (CH 4 + 1/2O 2 ¼ 2H 2 + CO). The rate of oxygen permeation was calculated from the flow rates and concentrations of oxygen or syngas analyzed in the gas flow downstream of the fuel side. The gas concentration was analyzed with a gas chromatograph (GL Science CP-4900). Nitrogen leakage though the sample was also monitored by this method to evaluate the concentration of nitrogen in the gas flow downstream of the fuel side. Figure 3 shows the SEM images of the microstructure of La 0.6 Sr 0.4 Al x Fe 1¹x O 3 (x = 0.10.3) samples sintered at 1500 and 1600°C in air. All the samples show the closed pore and the pore channels. At the sintering temperature of 1500°C, it was difficult to densify the samples especially samples with higher Al content. Higher sintering temperature was necessary to densify such samples. By increasing the sintering temperature to 1600°C, the densifications of all the samples were achieved and most of the pores except the closed pores could be removed as shown in Fig. 3(b) . 
Results and discussion
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The composition of La 0.6 Sr 0.4 Al 0.1 Fe 0.9 O 3¹¤ , which has the lowest Al content in this study, was selected for further investigation, because of its densification property at the lower sintering temperature. High temperature sintering over 1500°C could be a problem in the microstructure control of other materials, such as the porosity of the support. Figure 4 shows the relationship of the apparent densities of the samples sintered at various oxygen partial pressures, P O2 . The density of LSAF sample increased with the P O2 , up to the maximum of 98.2%. Chan et al. reported the sintering behavior of the mixed ion conducting oxides of SrCo 0.4 Fe 0.5 Zr 0.1 O 3¹¤ sintered at high P O2 which had high oxygen permeability without gas leakage. 15) They have suggested that the use of oxygen partial pressures higher than atmospheric oxygen mol fraction during sintering could help to increase the concentration of cation vacancies in the sample and hence the cation diffusion rate thereby helping the sintering process. It is expected that similar effect of P O2 occurred in the present study as well. Figure 6 compares the SEM images of the microstructure of the LSAF samples sintered under various gas atmospheres. Most of the pores in the samples are closed and porosity decreased with the oxygen partial pressure during the sintering, P O2 . In the very low P O2 atmosphere, the oxide decomposed into the intermetallic phase and the microstructure became porous. In the atmosphere of moderate P O2 , air, the sample showed large grain growth. This grain growth is due to the fast material transport, not only the oxygen ion but also the metal cation. This ambipolar diffusion process can be activated at relatively low P O2 but limited by the criteria of the decomposition P O2 .
Although the air, which has moderate P O2 , is good sintering condition for the LSAF samples, it is not easy to eliminate the closed pores in atmospheric pressure condition. We have carried out a post sintering HIP for LSAF samples sintered in air atmosphere at 1500°C to make a pore-fee membrane sample.
The HIP treated LSAF membrane showed remarkably high density, 99.6%, and the amount of pores in the HIP treated samples was significantly reduced as shown Fig. 6 . There was no change in the grain size of atmosphere sintered and HIP treated samples, but the pores of several mm at grain corner eliminated by the HIP treatment, as shown in the cross section images of these two membranes.
As shown in Table 1 and Fig. 7 , the three point flexural strength of La 0.6 Sr 0.4 Al 0.1 Fe 0.9 O 3¹¤ was higher at high oxygen atmosphere and high pressure in sintering. Particularly the flexural strength at 1000°C of HIP treated membrane was 1.26 times as high as the membranes sintered in air. These contribute to stability for reducing atmosphere as shown in Fig. 8 . The HIP membrane with the thickness of 0.5 mm showed the high oxygen permeation rate of 8 cc/min/cm 2 and no gas leakage for 8 h operation at 1000°C. However the oxygen permeation rate of the sintered membrane in normal atmosphere, in O 2 , decreased with the increase of gas leakage, and the membrane sintered in air could not endure 4 h. Figure 9 compares the results of thermal expansion of two sintered samples, one is sintered at normal pressure in air and the other is HIP treated. For both samples, the thermal expansion coefficients and the differential expansion ratios in air and reducing atmosphere, E r-dil were the same, 15.6 © 10 ¹6 /K ¹1 and 0.37%, respectively (see Table 1 ). Their thermal expansion behaviors changed drastically in reducing atmosphere over the temperature 800°C.
From these results, it is considered that the stability problems mainly depends the microstructure and pores which is greatly enhanced by the post treatment of the HIP. 
Conclusion

